The 1.8 Å resolution neutron structure of deuterated type III antifreeze protein in which the methyl groups of leucine and valine residues are selectively protonated is presented. Comparison between this and the 1.85 Å resolution neutron structure of perdeuterated type III antifreeze protein indicates that perdeuteration improves the visibility of solvent molecules located in close vicinity to hydrophobic residues, as cancellation effects between H atoms of the methyl groups and nearby heavy-water molecules (D 2 O) are avoided.
Introduction
In neutron macromolecular crystallography, the replacement of hydrogen (H) by its isotope deuterium (D) is advantageous for two main reasons. Firstly, hydrogen has an anomalously large incoherent scattering cross-section, while that of deuterium is $40 times lower (Table 1) . Since H atoms constitute around half of the atoms in a macromolecular crystal, their incoherent scattering signal contributes significantly to a high scattered background; H/D isotopic replacement therefore enhances the signal-to-noise ratio of the diffraction data by lowering the incoherent background. This allows weaker high-resolution reflections to be better resolved, thereby extending the resolution limit.
Secondly, as the coherent scattering length of deuterium (+6.67 fm) is positive and approximately twice that of hydrogen (À3.74 fm), D atoms are more readily located in neutron maps than H atoms. Neutron studies are most commonly performed using single crystals pre-soaked in D 2 O solutions (Tomanicek et al., 2010; Kovalevsky et al., 2011; Fisher et al., 2012; Yokoyama et al., 2013; Oksanen et al., 2014; Casadei et al., 2014) . Soaking allows the exchange of solventaccessible H atoms attached to O or N atoms, but not those H atoms attached to C atoms. Since these represent $80-85% of all H atoms, a considerable incoherent signal still remains and thus large crystal volumes (typically >1 mm 3 ) are required for high-resolution data collection. Neutron data collected from D 2 O-soaked crystals allows D atoms attached to O or N atoms to be readily visualized (at 2.5 Å resolution); however, at the resolutions typically attained (2-2.5 Å ) for neutron protein crystallographic studies (Blakeley, 2009 ) cancellation effects (between positive and negative neutron scatterers) often limit the visualization of H atoms attached to aliphatic C atoms (e.g. CH 2 and CH 3 groups). In order to readily locate H atoms within neutron maps, data must extend to $1.5 Å resolution or better (Ostermann et al., 2002; Kurihara et al., 2004; Chen et al., 2012) . Historically, data sets were of relatively low completeness (by X-ray standards) and thus the resulting maps could be difficult to interpret; more recently, a concerted effort to achieve higher completeness has been made by, for example, collecting data from multiple crystal orientations. Studies have also been performed using perdeuterated crystals produced via bacterial expression on deuterated media (Hazemann et al., 2005; Petit-Haertlein et al., 2009) . As perdeuteration provides complete deuteration of the protein, this leads to vastly improved signal-to-noise ratios and enables data to be collected in shorter times (Munshi et al., 2012) , to higher resolution (Cuypers et al., 2013) and from smaller ($0.1 mm 3 ) crystal volumes Howard et al., 2011; Weber et al., 2013) , a critical advance that makes larger unit-cell systems more accessible to study. Moreover, cancellation effects are avoided with perdeuteration, allowing all D atoms to be readily visualized (at 2.5 Å resolution), including those attached to aliphatic C atoms (e.g. CD 2 and CD 3 groups). Many of the advantages of perdeuteration have been demonstrated by our recent neutron crystallographic study of type III antifreeze protein (Howard et al., 2011) .
Antifreeze proteins (AFP) allow certain organisms to survive in subzero environments by binding, through an 'icebinding surface' (IBS), to ice-crystal nuclei as they form, inhibiting their further growth. The neutron structure was determined to 1.85 Å resolution (PDB entry 3qf6; Howard et al., 2011) using a perdeuterated crystal of only 0.13 mm 3 . The neutron diffraction data revealed a tetrahedral 'ice-like' cluster of four water molecules at the IBS that was not observed in previous X-ray studies; using these waters, it was possible to model the AFP-ice interaction and to illustrate that the hydrophobic residues of the IBS bind to, and recognize ice, via the holes in the six-membered rings of the ice crystal structure. In the course of parallel work for methodological purposes Weiss et al., 2008) , we also produced a deuterated type III AFP in which the methyl groups of leucine and valine residues are selectively protonated, i.e. the protein is identical to the perdeuterated protein except that CD 3 groups of leucine and valine residues are replaced by CH 3 groups. Having collected quasi-Laue neutron diffraction data from a crystal of the selectively protonated deuterated type III AFP, we here report a comparison between the resulting 1.8 Å resolution structure and the 1.85 Å resolution structure of perdeuterated type III AFP. In particular, these samples provide an opportunity to analyse the effect of the negative scattering signal of methyl H atoms, not only on the C atom to which they are bound but also on neighbouring heavy-water molecules (i.e. D 2 O).
Materials and methods

Expression, purification and crystallization
Selectively protonated deuterated type III AFP was expressed, purified and crystallized as described previously . Crystals were grown using the sitting-drop vapour-diffusion method at 285 K. A 50 ml drop consisting of 20 ml protein solution (10 mg ml À1 ) and 30 ml reservoir solution was equilibrated against a 1 ml reservoir consisting of 2.1 M ammonium sulfate and 9% glycerol-d 8 . A seed crystal obtained in one drop was then washed and placed into a new pre-equilibrated 48 ml sitting drop. This crystal grew to final dimensions of 1.60 Â 0.38 Â 0.38 mm (a volume of 0.23 mm 3 ).
Data collection
Neutron quasi-Laue diffraction data were collected from selectively protonated deuterated type III AFP crystals at 293 K on the LADI-III instrument at the Institut Laue-Langevin and extended to 1.80 Å resolution. As is typical for a quasi-Laue experiment, the crystal was held stationary at different ' angles. 13 images were collected spaced Á' = 7 apart with an exposure time of 24 h, followed by a low-resolution pass using an exposure time of 2 h. The crystal orientation was then modified and both passes were repeated. The final data set consisted of 60 images with an average exposure time of 11.8 h. These were indexed and integrated using LAUEGEN (Campbell et al., 1998) and the resulting data were wavelength-normalized using LSCALE (Arzt et al., 1999) . The data were then scaled and merged using the CCP4 program SCALA (Winn et al., 2011) . Datacollection and processing statistics for the neutron data can be found in Table 2 . Advances in sample-environment options now allow the routine collection of neutron data at cryotemperatures (Coates et al., 2014) , which not only can improve the nuclear scattering density definition for mobile side chains and water molecules (Blakeley et al., 2004) but also allows the study of cryo-trapped intermediates (Casadei et al., 2014) .
Structure refinement
The previously deposited perdeuterated neutron structure of type III AFP (PDB entry 3qf6) was used as the starting model and the corresponding X-ray diffraction data (at 1.05 Å resolution, measured at ID29, ESRF; de Sanctis et al., 2012) were used for the joint X-ray/neutron refinement of the selectively protonated deuterated type III AFP. The assumption here is that the X-ray data from the selectively protonated deuterated crystals should be the same as those from the perdeuterated crystal, as H and D are equivalent using X-rays. To obtain an initial refinement model, the original model was randomly perturbed and multiple conformations and all water molecules were removed. Restrained joint X-ray and neutron (Afonine et al., 2010) refinement was then conducted using Table 1 Neutron coherent scattering lengths and incoherent cross-sections for the common elements of a macromolecule. Table 3 .
Discussion
The neutron diffraction data for the selectively protonated deuterated structure are of excellent quality, resulting in very clear nuclear scattering density maps. As an example, Fig. 1 shows a cluster of eight heavy-water molecules between Pro29 and Pro57, with 'boomerang'-shaped density indicating their orientations. The D atoms visible in the nuclear scattering density maps add important structural information. For example, the orientation of an asparagine residue can be difficult to establish based solely on X-ray diffraction data (unless very high-resolution data are available) owing to the similar scattering lengths for oxygen and nitrogen. With neutrons, however, the D atoms of the carboxamide group are clearly visible and allow the correct orientation to be established ( Fig. 2a) . Similarly, the orientations of the methyl groups of residues such as isoleucine and the hydroxyl groups of residues such as tyrosine are clearly visible in the nuclear scattering density maps ( Figs. 2b and 2c) .
The selectively protonated residues (valine and leucine) are easily identifiable in the resulting nuclear scattering density maps. Fig. 3(a) shows Leu10 with a characteristic reduction in scattering density around the associated C atoms owing to the methyl H atoms cancelling with the C atoms. Looking at an OMIT map (Bhat, 1988;  Fig. 3b , in which the H atoms were removed from the PDB file and another round of refinement was conducted), the resulting difference nuclear scattering Table 3 Model-refinement statistics for perdeuterated type III antifreeze protein (X-ray data) and selectively protonated deuterated type III antifreeze protein (neutron data). Furthermore, given the rotational freedom of the CH 3 group the resulting nuclear scattering density maps are an average of the different positions.
Comparison of the neutron structures of selectively protonated deuterated type III antifreeze protein and perdeuterated type III antifreeze protein
The perdeuterated neutron structure and the selectively protonated deuterated neutron structure are very similar, with root-mean-square deviations of 0.10 Å on C atoms and of 0.46 Å on all atoms. The differences arise mainly owing to multiple conformations, of which there are three more in the selectively protonated deuterated structure (Pro33, Met43 and Val45).
Comparing the main-chain average B factors between the two structures ( Fig. 4) indicates that the B values are slightly higher (on average 5.1 Å 2 larger) in the selectively protonated deuterated neutron structure, but the areas of high and low B values correspond in the two structures. We suggest that the difference in B values may be accounted for by the shift in the Wilson B factor between the two structures. In the perdeuterated structure this is 5.3 Å 2 and in the selectively hydrogenated structure it is 12.9 Å 2 .
Despite the two neutron diffraction data sets (selectively protonated deuterated versus perdeuterated) being at equivalent temperatures, similar resolutions and levels of completeness, the overall solvent structures are rather different, with 42 water molecules in the selectively proto- nated deuterated structure compared with 70 in the perdeuterated neutron structure. As 16 of the 65 amino-acid residues ($25%) in each monomer are valine or leucine residues, in the selectively protonated deuterated structure the H atoms of the methyl groups of these valine and leucine residues scatter neutrons negatively and thus may cause cancellation not only of the nuclear scattering density of the C atom to which they are bound, but also of positive nuclear scattering density corresponding to heavy-water (D 2 O) molecules in close vicinity. Comparing the individual water-molecule sites between the two structures indicates that 32 of the 42 are in equivalent positions, with another three in nearby positions. Of those in the same positions, 15 have the same orientation. Fig. 5 shows a comparison of the B factors for the water molecules in the two structures.
The perdeuterated structure shows 13 water molecules facing the IBS. Six of these are seen in the selectively protonated deuterated structure, of which four are in the same orientation. The B factors of these water molecules are comparable between the two neutron structures, with the perdeuterated structure having slightly lower values overall. Interestingly, despite the large number of hydrophobic residues on the IBS, the overall B factors for water molecules in this area do not seem to be particularly elevated compared with the water molecules bound elsewhere in the structure. Therefore, the reduction in the number of water molecules observed does not appear to be related to the B factors. It could be linked to density-cancellation effects caused by the three (out of a total of 12) selectively protonated residues of the IBS. Fig. 6 shows a comparison of the water molecules between the selectively protonated deuterated neutron structure and the perdeuterated neutron structure. The three highlighted regions show where there are significantly fewer solvent molecules in the selectively protonated deuterated structure compared with the perdeuterated structure. In all three of these cases the regions are in close proximity to a selectively protonated residue (Val20, Val26 and Val30).
Of the 13 water molecules identified at the IBS in the perdeuterated structure, four of them form a tetrahedral water cluster, which was critical in explaining the type III AFP icebinding mechanism. In the selectively protonated deuterated neutron structure only two of these four tetrahedral water molecules are visible. Contouring to a lower level (1.5) in the F o À F c difference map shows a small peak around 1 Å from one of the missing water molecules; however, this is not discernable from the surrounding noise. This is perhaps owing Differences in solvent structure between the perdeuterated (blue) and selectively protonated deuterated (red) structures. Solvent molecules found in the same positions have been omitted. Highlighted regions show the presence of water molecules in the perdeuterated structure but not in the selectively protonated deuterated structure which are in close proximity to the H atoms of valine or leucine residues.
Figure 5
Comparison of solvent structure in the perdeuterated and selectively protonated deuterated neutron structures of type III antifreeze protein. 32 of the 42 molecules are in the same locations, with three in nearby positions (marked with asterisks). The average difference in B factors between solvent molecules in the structure is 7 Å 2 .
Figure 4
Comparison of average B factors for each residue between perdeuterated and selectively protonated deuterated type III antifreeze protein. The average difference in B factors between residues in the structures is 5.1 Å 2 to the close proximity of Val20, which is methyl-protonated and hence produces negative scattering peaks that can cancel out the positive scattering peaks from the adjacent water molecules, reducing their visibility. Fig. 7 shows a comparison between the selectively protonated deuterated and perdeuterated neutron structures with nuclear scattering density maps for Thr18 and the associated tetrahedral water molecules. Val20 is methyl-protonated, as well as being in a split conformation. Fig. 8 shows the region around Thr18 and the location of the expected tetrahedral water cluster along with adjacent residues for the selectively protonated deuterated structure.
Conclusions
The determination of the selectively protonated deuterated neutron structure of type III AFP has provided us with the opportunity to investigate cancellation effects involving H atoms by comparison with the perdeuterated neutron structure. A neutron structure obtained from a D 2 O-soaked crystal (in which only labile H atoms are replaced by D atoms) would not have been as useful for this comparison, as the signalto-noise ratio and hence the resolution limit would have been very different from those of the perdeuterated diffraction data .
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